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Outline
• IceCube has found an unusual neutrino signal. 	



• Doesn’t fit generic astrophysical predictions.	



• Very high energies and long baselines: 	



• Can teach us about BSM neutrino interactions.	



• Present data can be accommodated if neutrinos couple to a 
new light force carrier.	



• This same mediator may be responsible for the 
anomalies in the small-scale structure of dark 
matter, e.g. “missing satellites” & “cusp vs. problem.”



The IceCube Detector

Need large volumes since:	


i) these are rare events	


ii) they are also large events



Just when IceCube was getting 
really good at placing limits...



Given names befitting this monumental discovery: 

[slide courtesy of N. Whitehorn]



New Results
• IceCube has revealed 
much more: 35 more 
events (30 - 2000 TeV) 
for combined significance 
5.7    above background.�

•First indication of a new 
astrophysical source.

•Distribution consistent with 
extra-galactic source.

Who ordered a gap and a cutoff?

[1405.5303]



Potential astro sources
• Gamma ray bursts (GRBs) 

Fast rotating star goes supernova shock wave

shock accelerates protons p+ � ! n⇡+

⇡+ ! µ+⌫µ

µ+ ! e+ + ⌫e + ⌫µ

⌫µ

⌫µ⌫e

[Waxman, Bahcall, PRL 59, 023002 (1999)]

�⌫ / E�2
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Shock acceleration yields: 



Potential astro sources
• Active galactic nuclei (AGNs)

•Similar, but can accelerate 
protons to even higher 
energies, and photo-pion 
produce       .⌫0s

45 events!



⌫

Standard picture 
(pre-IceCube data)

Source: 	


e.g. GRBs/

AGNs

Detection: 	


SM charged-
current and 

neutral-current 
to see events. 



New picture =???

Source: 	


decaying PeV 

DM?
[Feldstein, Kusenko, Matsumoto, 

Yanagida, 2013]

[Esmaili, Serpico, 2013]

...

Minimal 
implementation

Only modify     interactions⌫

Detection: 	


heavy 

leptoquarks? 
[Barger, Keung, 2013]

Propagation: 	



???

⌫



An old idea...



Back of the envelope

� ⇡ 1

�⌫⌫n⌫
< source distance ⇠ Gpc

n⌫ ⇠ 300 cm�3

Neutrino relic density is huge:

nDM ⇠ 10�8 cm�3c.f.
for a 100 GeV WIMP

Perhaps some neutrinos were lost en route.
For significant scattering to occur:

�SM
⌫⌫ ⇠ E2

⌫G
2
F ⇠ 10�42 cm2SM is not enough:

) �⌫⌫ & 10�31 cm2



MeV-scale resonance

2m⌫E⌫ = m2
�

Use PeV neutrinos to produce new states: 

m⌫ . 0.5 eV

m⌫ ⇡
q

�m2
� ⇡ 50 meVAs an example, take

E⌫ ⇠ 106 GeV

Unknown, though

⌫

�⌫relic ⌫0

⌫0

=) m� ⇠ 10 MeV@



Known unknowns

10-5 10-4 0.001 0.01 0.1

10-4

0.001

0.01

0.1

lightest neutrino mass HeVL

m
n
HeV
L

Normal Hierarchy

10-5 10-4 0.001 0.01 0.1

10-4

0.001

0.01

0.1

lightest neutrino mass HeVL

m
n
HeV
L

Inverted Hierarchy

Only know two mass splittings...

�m2
�

�m2
atm

1

2

3

�m2
�

�m2
atm

1

2

3

m1

m2

m3

m1 m1

m2 ⇡m3



Scattering on a thermal 
background

•The thermal neutrino relic background 
has a temperature: T⌫ =

✓
4

11

◆1/3

T� ⇡ 0.2 meV

•The lightest nu can easily be relativistic, 
leading to thermally broadened resonance.

s ⇡ 2E⌫

⇣p
p2⌫ +m2

⌫ � p⌫ cos ✓
⌘

s ⇡ 2E⌫m⌫

Non-relativistic:

Relativistic:



Constraints BSM neutrino 
interactions
• Supernovae (1987A): 

No scattering between 
here and the LMC

g⌫ . 12
⇣ m�

MeV

⌘
[Kolb & Turner (1987)]

•BBN/CMB Neff

Model dependent.

•Rare decays
Don’t modify Z/meson 
decays.

[Laha, Dasgupta, Beacom (2013)]

Easily satisfied for SM 
sterile neutrinos.



A RH neutrino portal
New sterile sector, 

charged under a U(1)

yLHN

mass-mixing

Effectively endows SM 
neutrinos with new BSM 
interactions: 

⌫XN

[For similar work, see e.g. Nelson, Walsh; Pospelov; 
Kopp, Harnik, Machado; Pospelov, Pradler]

SM mass mixing

gX�µ⌫X�µ⌫X

g⌫ ⇠ ✓2sgX



Suppressing Sterile Production

Dasgupta, Kopp [2013] •No active-to-sterile oscillation 
when there is a large matter 
potential:

✓m �! 0

Hannestad, Hansen, and Tram [2013] 

)



Propagation results
Absorption: ⌫a⌫a ! � ! ⌫s⌫s

m� = 10 MeV

non-relativistic ⌫

relativistic ⌫



Event spectra

Future data will tell if the gap and the 
cutoff are real.

IceCube detector mock-up: include energy/
flavor dependent exposures. 



Dark Matter 
Connections

Is collisionless dark matter in 
trouble?

�

��

�

�

� ⌫

⌫

+
� �

III. DARK FORCES AND DARK MATTER SCATTERING

In order to explain astrophysical observations on dwarf galaxy scales, the DM elastic scattering
cross section must be

� ⇠ 1 cm

2
(m

X

/g) ⇡ 2⇥ 10

�24
cm

2
(m

X

/GeV) , (2)

which is much larger than a typical weak-scale cross section � ⇠ 10

�36
cm

2. Therefore, this
suggests the existence of a dark force boson � that is much lighter than the weak scale.

In this work, we consider a phenomenological approach where nonrelativistic DM scattering is
described by a Yukawa potential

V (r) = ±↵

X

r

e

�m�r
, (3)

which can be either repulsive (+) or attractive (�). This interaction arises for � as a vector or
scalar mediator, with interaction

Lint =

⇢
g

X

¯

X�

µ

X�

µ

vector mediator

g

X

¯

XX� scalar mediator

(4)

and dark fine structure constant ↵
X

= g

2
X

/(4⇡). Scalar interactions are purely attractive, while
a vector interaction is both attractive (X ¯

X scattering) and repulsive (XX or ¯

X

¯

X scattering).
Thus, in the vector case, asymmetric DM (X only) will have purely repulsive interactions, while
symmetric DM (equal X,

¯

X) will have both attractive and repulsive interactions, with the total
effective cross section given by the average of the two.

Numerical N-body simulations have investigated the impact of DM self-interactions on struc-
ture formation. The relevant input is the differential cross section d�/d⌦, as a function of the
DM relative velocity v. Since simulations track particle trajectories before and after collisions,
the angular distribution over the scattering angle ✓ is important. However, to compare across
different parameter regions, with different angular dependencies, it is useful to consider an inte-
grated cross section that captures the relevant physics. The usual quantity is the standard cross
section � =

R
d⌦(d�/d⌦). However, for light mediators, � receives a strong enhancement in the

forward-scattering limit (cos ✓ ! 1), and for the purposes of affecting the DM distribution this
enhancement is spurious since the DM particle trajectories are unchanged. In the plasma literature,
two additional cross sections are defined to parametrize transport [79], the transfer cross section
�

T

and the viscosity (or conductivity) cross section �

V

:

�

T

=

Z
d⌦ (1� cos ✓)

d�

d⌦

, �

V

=

Z
d⌦ sin

2
✓

d�

d⌦

. (5)

The transfer cross section is weighted by (1� cos ✓), the fractional longitudinal momentum trans-
fer, while the viscosity cross section is weighted by the energy transfer in the transverse direction,
sin

2
✓. The transfer cross section has been used in the DM literature to regulate the forward-

scattering divergence. On the other hand, the viscosity cross section weighs forward and back-
ward scattering evenly. It takes into account that forward and backward scattering affect the DM
halo equally, since DM particles simply exchange trajectories that they would have had in the ab-
sence of a collision. It also takes into account that we expect that perpendicular scattering is most
efficient for “thermalizing” the DM halo and affecting structure observables.

In addition, the transfer cross section obviously fails if DM scattering occurs between identical
particles. Taking quantum indistinguishability into account, both forward and backward scattering

6
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Problem 1: Cusps versus Cores

[J. van Eymeren, C. Trachternach, B. S. 
Koribalski, R.-J. Dettmar (2009)] Observations of 

dwarf galaxies have 
favored core-like 
density profiles. 

N-body 
simulations of cold 
DM predict more 

cuspy profiles.



Problem 2: Missing Satellites	


Cold Dark Matter 
N-body simulations 
predict many more 
satellites than 
observed.  

Simulated Galactic Halo
[Via Lactea II Project]

-Could be 
undiscovered due to 
faintness or limited sky 
coverage.

-No baryons in this 
simulation. Processes 
like SN can reduce 
star formation.



SIDM Turns Cusps into Cores
Loeb, Weiner (2010)

�

��

�
�

SIDM gives efficient exchange of energy between 
hotter/outer region to the cold/inner region.

Bullet cluster 

Tulin, Yu, Zurek (2013)

For 100 GeV DM, a ~ 10 MeV mediator gives 
strong velocity-dependent scattering.

X

X

v ⇠ 10 km/s
dwarf:

cluster :

v ⇠ 103 km/s
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Suppressing small-scale structure

XX $ ff

Relic abundance
set by epoch of chemical 

decoupling:

Smallest DM protohalos
set by epoch of kinetic 

decoupling:
Xf $ Xf

[G
ondolo, H

isano, K
adota (2012)]

4

tions (see [29] for the analogous argument involving BSM
quark-neutrino interactions).

III. CONSTRAINING `DM INTERACTIONS

A number of experiments are sensitive to lepton-dark
matter (`DM) interactions. Those that we will be espe-
cially interested in are:

• LEP: Missing energy searches with a single pho-
ton at LEP provide stringent limits on BSM
physics [27, 29]. These mono-photon searches pro-
vide constraints on DM masses that are kinemat-
ically accessible, mX . 100. These limits are in
fact su�ciently strong to exclude thermal DM an-
nihilating to electrons for masses below 20 GeV or
so [27].

• Fermi-LAT: Direct searches for DM annihilating
to µ+µ� and ⌧+⌧� are encroaching on light WIMP
territory as well, having already excluded thermally
sized cross sections below roughly 40 and 30 GeV
respectively. Here we use null results from the joint
likelihood analysis of 10 dark matter-dominated
dwarf galaxies with 24 months of data [28, 30].

• Direct detection: Until very recently most direct
detection searches vetoed events from electronic
scattering. Now however, using the methods out-
lined in [31], XENON10 has placed the first limits
on such scattering for DM masses in the MeV to
GeV mass range [32]. Though the limits are quite
mild at present (being based on only 15 kg-days of
exposure), such an analysis represents an important
proof-of-principle for future studies of DM-electron
interactions.

• IceCube: Recently, very large neutrino telescopes
have begun deriving stringent limits on neutrino-
DM interactions. IceCube [33, 34] now provides di-
rect constraints on the DM annihilation cross sec-
tion into neutrinos. Though their current sensi-
tivity remains orders of magnitude away from the
thermal relic scale, substantial improvements are
likely to follow with the 79 string upgrade to Ice-
Cube, and it will likely be competitive with the
unpublished results of Super-K.

Here we will use the results of the 22-string anal-
ysis [33], rather than the somewhat weaker lim-
its arising from the 40-string analysis [34]. Note
that although there is substantial uncertainty in the
Galactic Center limit due to the choice of galactic
halo model, the IceCube collaboration removes the
Galactic Center from the analysis such that the re-
sulting bound is due to DM in the outer halo region
where model uncertainties are much smaller.

• Super-K: The Super-Kamiokande collaboration
has an unpublished galactic halo neutrino line

search [35]. We include these results for reference
here, though they may of course change signifi-
cantly once the results are finalized.

• CMB: If DM remains in thermal equilibrium with
neutrinos at temperature below O(MeV), it can
be constrained by the recent Planck data through
its a↵ect on the e↵ective number of neutrinos,
Ne↵ [36]. We make use of the constraint obtained
from Planck data that excludes (at 95% CL), Dirac
DM with a mass < 8.7 MeV in equilibrium with
neutrinos.

IV. KINETIC DECOUPLING AND DARK
MATTER PROTOHALOS

Two distinct physical processes set the size of the
smallest DM structures: free streaming [3] and acoustic
damping [4, 5]. After the comoving number density of
DM has “frozen out” and chemical equilibrium has been
lost, the elastic scattering of DM on the thermal bath
continues the e�cient exchange of momentum such that
kinetic equilibrium persists until late times. This process
e↵ectively damps the growth of perturbations that would
otherwise grow to form the first DM subhalos. Once DM
decouples, it can stream freely from overdense regions
into underdense regions and e�ciently erase structure on
small scales. In general, it is the largest of these two
physically independent processes that sets the scale of
the cut-o↵ in the power spectrum. We therefore define
this cuto↵ as

Mhalo ⌘ max (MFS ,MKD) (5)

When DM kinetically decouples, it can stream freely until
matter-radiation equality when structure formation be-
gins in full force. This process significantly damps fluc-
tuations below the scale of free-streaming kfs such that
the smallest protohalo allowed by free-streaming is [24]:

MFS ⇡ 2.9⇥ 10�6M� (6)

⇥
0

@
1 + log

⇣
g
1/4
effTKD/50 MeV

⌘
/19.4

(mX/100)1/2 g1/4eff (TKD/50 MeV)1/2

1

A

3

Moreover the damping scale set by acoustic oscillations
is given by the DM mass enclosed in the horizon at this
epoch,

MKD (TKD) =
4⇡

3

⇢X(TKD)

H(TKD)3
(7)

⇡ 9⇥ 10�7M�


h(TKD)

g(TKD)3/2T 3
KD

�

TKD=50 MeV

.

Thus we see that as the DM decreases, the mass scale
set by free-streaming becomes increasingly important. In
general however, it is useful to notice that the acoustic

[L. Aarssen, T. Bringmann, C. Pfrommer, PRL 109 231301 (2012)]

�

� ⌫

⌫

Late kinetic decoupling 
requires large gXg⌫



Solving the problems of CDM

DM-neutrino interactions 
decouple late, and disallow for 
very small subhalos to form.

À la Loeb/Weiner, DM self-
scattering is large in dwarfs but 

small on larger scales. 

[L. Aarssen, T. Bringmann, C. Pfrommer, PRL 109 231301 (2012)]

� �



The “solve everything” plot

Mediator mass and coupling 
to neutrinos chosen to fit 

IceCube.

ellipticity/cluster const

0.1 cm2/g  �/m  10 cm2/g
Dwarf scales:

�/m  1 cm2/g
Galactic/cluster scales:

[Cherry, Friedland, IMS, in preparation]

Only repulsive DM-DM 
interactions.

Preference for larger 
than WIMP cross 

sections.

Set abundance by an 
asymmetry.

XX ! ��
symmetric relic from



Summary
• IceCube has found a new neutrino source with 

an unusual spectrum. 	



• Could be ordinary astrophysics with novel 
neutrino self-interactions.	



• Gaps and a cutoff are generic in this model.	



• Potentially yield new probe of neutrino mass 
scale/hierarchy. 	



• The same mediator can alleviate small-scale 
structure problems of CDM. 



“This could be the  
discovery of the century.  
Depending, of course, on  
how far down it goes.”


